The paper presents a proof-of-concept design of a tactile sensor capable of measuring compliance of a contact tissue/ sensed object. The main objective of this study is to design and model a piezoelectric sensor capable of measuring the total applied force on the sensed object as well as its compliance. The sensor consists of a rigid and compliant cylindrical element. Determination of the compliance of sensed objects is based on the ratio of force experienced by the rigid cylinder to the total force applied to the sensor. To obtain this force ratio, a circular PVDF film is sandwiched between rigid cylinder and plate to measure the force applied on the rigid element and a rectangular PVDF film is sandwiched between the two base plates to measure the total force applied on the sensor. The detailed design of the senor was performed using finite element analysis. A prototype was fabricated and tested and it has been shown that good agreement exists between the finite element results and experimental values. The proposed sensor exhibits high force sensitivity and good linearity and offers the potential for future miniaturization in order to be integrated with the commercial endoscope graspers used in minimally invasive surgery.
Introduction
In present days, application of engineering concepts to the instruments designing for the medical purposes are challenging and demanding. The main objective of this research work is to design the prototype 0020-7683/$ -see front matter Ó 2005 Elsevier Ltd. All rights reserved. doi:10.1016/j.ijsolstr.2005.03.029 Cohn et al. (1995) discussed about the series of designs for endoscopic and laparoscopic tools, that intended incorporating their tactile tele-presence apparatus. An interesting idea raised here is the possibility of using the capacitive tactile sensor, not to measure applied force, but to detect the varying dielectric permittivity of different tissue. It was reported that water, fat, blood vessels, and cancerous tissue might all be differentiated by this means. A striking feature of the design of Umemori et al. (1996) is that it uses disposable kit with the help of inexpensive materials, and in this case sensing head is replaced for each patient. This aspect is very important for medical sensors to avoid infection and transmitted diseases.
In the following sections, a short description of the sensor design is presented. This is followed by a description of the finite element models and experimental studies. The finite element and experimental results are discussed and compared. At the end conclusion and scope for future improvement are provided.
Sensor design
A single sensor capable of measuring the applied force on the tissue and softness of the tissue has been designed and fabricated. It mainly consists of two cylinders. One cylinder (compliant cylinder) is significantly more flexible than the other cylinder (rigid cylinder). The rigid cylinder is glued to the base plate and surrounded with the compliant cylinder. The rigid and compliant cylinders are made up of phenolic and soft rubber, respectively. The PVDF films are used for measuring the forces at the rigid and complaint part of the sensor. One circular PVDF film is placed between the rigid and base plate, and the other PVDF film is sandwiched between the two rigid plexiglas plates. The PVDF film placed between the two plates measures the total force applied on the tissue, PVDF between rigid and base plate measures the force experienced by the rigid part. An array of these sensors could be designed in a miniaturized form and it can be integrated with commercial endoscopic grasper.
The sensor consists of a rigid cylinder surrounding by a compliant cylinder. The rigid and compliant cylinder is made up of the phenolic and soft rubber, respectively. A 25 lm circular PVDF film with radius of 1.4 mm is sandwiched between the rigid cylinder and base plate which measures the force applied to the rigid cylinder. Also a 25 lm · 10 mm · 10 mm rectangular PVDF film is placed between the two base plexiglas plates to measure the total applied load. Coaxial wires are used to carry signal to a charger amplifier through channel groove in upper and lower base plexiglas plates. The conductive and non-conductive epoxy glue and urethane glue have been used for the required attachments. The design and the relative dimensions of the single sensor are shown in Fig. 1a . Fig. 1b shows the fabricated prototype of the single sensor. The white circular shape in the photograph shows the rigid cylinder while the black colored outer part is the compliant cylinder. The mechanical properties of the different parts of the proposed single sensor are provided in Table 1 .
Finite element formulation
The finite element method is used to study the force reaction on the complaint and rigid parts of sensor. Tissue is also modeled in the analysis, and the assumption was made that tissue has uniform distributed modulus of elasticity and show linear behavior. Two distinct finite element approaches have been used to simulate the behavior of the sensor under uniform applied load. First an efficient 2D finite element model based on the elasticity approach has been proposed to study the response characteristics of the sensor and then 3D finite element model of the sensor has been developed in ANSYS and the results are compared with the proposed 2D model.
2D finite element model
In this model, the rigid cylindrical part is considered as rigid support and there is no deflection in the rigid cylindrical part. Only the compliant cylinder part and tissue are considered flexible and can deflect under very small external load. For the finite element model, the tissue has been modeled as a beam on rigid (rigid cylinder) and elastic foundation (compliant cylinder). The compliance of the sensed object (tissue) has been calculated by measuring the force distribution on the rigid and compliant parts. The higher the tissue modulus the more reaction will be on the rigid cylinder. It is noted that the relative deflection between the rigid and compliance part enables the sensor to act as a tooth for holding the tissue.
Due to the symmetry, only half of the sensor has been investigated. The proposed finite element model has been shown in Fig. 2 in which the sensed object has been discretised into two beam elements.
A uniform load is applied to the sensed object (tissue). The potential energy for the beam on an elastic foundation can be written as (Bathe, 1996) :
where v(x) is the displacement function, E and I are youngÕs modulus and second moment of inertia respectively, k f is the spring constant per unit length and P is the uniform load applied on the beam. The displacement function, v(x), can be related to the element nodal displacement vector as
where {N} and {u} are the shape function and nodal displacement vectors, respectively. The shape function vector for the flexural beam element can be written as {N} T = [N 1 N 2 , N 3 N 4 ] where shape functions N 1 , N 2 , N 3 and N 4 can be described as:
By substituting Eq. (2) into Eq.
(1) and we may obtain: Differentiating Eq. (4) with respect to {u}, the equilibrium equation can be written as:
Eq. (7) can be written in matrix form as:
where [k] is the element stiffness matrix and {f} is the element nodal force vector and can be expressed as:
It is noted that the stiffness matrix has two terms. The first term is the regular stiffness matrix of the beam and the second term is the stiffness matrix due to the elastic foundation. In other words:
where
Substituting the matrices [B] and [N] from Eqs. (3) and (5) into Eqs. (12) and (13), we can obtain: 
After assembling the two elements, the equilibrium equation at the system level can be written as:
where [K], {U} and {F} are the system stiffness matrix, system nodal displacement and system nodal force vectors, respectively. The equivalent spring constant k f for element number 2 in Fig. 4 is obtained by the fact that the sensed object and the compliant material are connected in series (two springs in series). Thus the equivalent spring constant k f for element 1 and 2, k 1 f and k 2 f , can be described as:
where k 1 f s and k 2 f s are the spring constants per unit length of the sensed object related to the elements 1 and 2, respectively and k fc is the spring constant per unit length of the compliant cylinder and can be explained as follows:
where A r , A c , T c , E c , T s and E s are the cross-sectional area of the rigid cylinder, cross-sectional area, thickness and YoungÕs modulus of the compliant cylinder and thickness and YoungÕs modulus of the sensed object, respectively. It is again noted that during the calculation of the stiffness matrix related to the elastic foundation in Eq. (15), the spring constant per unit length k f would be equal to k 1 f for element 1 and equal to k 2 f for element 2. Substituting Eq. (20) into Eqs. (18) and (19), we may obtain:
where k and A are dimensionless parameters which are defined as:
Considering Eqs. (21) and (22), it can be realized that the force ratio (the force experienced by the rigid cylinder to the total force applied to the sensor) is a function of dimensionless parameters, k and the area ratio A. Using above formulation, a finite element analysis has been performed to find the force ratio variation with respect to dimensionless parameter k. The results obtained for the different area ratio, A, are shown in Fig. 3 .
As the parameter k increases, the sensed object becomes stiffer than the compliant cylinder of the sensor. It is interesting to note that in the limit where the sensed object is very stiffer than the compliant cylinder, the force ratio will be unity. When stiffness of the sensed object nearly equals to the rigid cylinder, only the rigid cylinder carries all the forces applied. On the other hand, when the sensed object is softer as compared to the compliant cylinder, the outer compliant cylinder carries most of the force. As a result of this the force ratio decreases. As it can be seen from Fig. 3 , force ratio also depends on the area ratio. The larger the area ratio, the larger the variation in the force ratio, thus the compliance of the sensed object can be better estimated in a wide range. It is noted that in this simulation the YoungÕs modulus of the compliant cylinder and the thickness of the both sensed object and the compliant cylinder, which their effect can be realized in parameter k, are assumed to be fixed. However in general the force ratio also depends on these parameters.
3D finite element model using ANSYS
The sensor has also been modeled in ANSYS to validate the results obtained from the proposed finite element model. Due to the electromechanical nature of the problem, different types of elements have been employed to construct the finite element model of the senor. These elements and the three-dimensional model of the sensor are shown in Figs. 4 and 5, respectively. Element Solid 45 has been used to model the plate 1, plate 2 and sensed object of the sensor. The irregular and curved parts of sensor, the rigid and compliant cylindrical parts are all modeled using element Solid 92. Element Solid 5 has been used to mesh the straight edge geometries and rectangular PVDF film which measures the total force of sensor. Element Solid 98, which has a piezoelectric and structural field capabilities similar to Solid 5, is well suited to model irregular edges and has been employed to model the circular PVDF films.
It is noted that the force response of the sensor using 3D finite element model has also been obtained for uniform pressure load applied on the sensed object in order to be able to compare the results with those of 2D model. Results obtained from the 3D ANSYS formulation are compared with those of 2D model. The comparison between the proposed 2D formulation and 3D ANSYS model has been shown in Fig. 6 . It is noted that both 2D and 3D models follow the similar pattern. The area ratio of the sensor is 11.60. It should be emphasized that the lambda parameter is a function of the thickness and YoungÕs modulus of both compliant cylinder and sensed object and thus the variation of any of these parameters will affect the lambda.
In this study it is assumed that the thickness of the compliant cylinder and its modulus of elasticity and also thickness of the sensed object are constant. Therefore the variation of the lambda can only be attributed to the modulus of the sensed object. Considering this, variation of force ratio can be directly studied with respect to modulus of elasticity of the sensed object. Fig. 7 demonstrates this variation for 2D and 3D model of single sensor for two different compliant cylinder materials.
Experimental setup
The layout of the experimental setup and its photograph are shown in Fig. 8a and b, respectively. A power amplifier has been used to condition signal generated by the signal generator. That conditioned signal is then used to drive vibrator. A sinusoidal signal with the frequency of 10 Hz has been used in these experiments. Tactile sensors should be capable of measuring the frequency of sensor from range 0 Hz to 20 Hz. This range depends upon the application of the tactile sensor. It is noted that in the actual practice, the working frequency of the tactile sensor is around 10 Hz. A micro-positioner has been used to position the sensor relative to the position of the probe. Both static load and dynamic applied load measured through the load cell, positioned between the probe and the shaker. The signal obtained from the tactile sensor is directed to the charger amplifier for the required amplification and measured on an oscilloscope. The signal of the vibrator and amplified signal of tactile sensor are monitored in an oscilloscope. It is noted that all the required instruments have been calibrated properly.
Measurement of modulus of elasticity of the sensed objects
The modulus of elasticity of the sensed object has been measured by applying load and measuring strain. This was done by using the load cell and a circular probe of radius 1 cm. Circular specimens were cut into the same size as the diameter of the probe. The readings from the micro-positioner and strain gage meter provided the deflection and load on the specimen, respectively. Six rubber samples were used. Out of these rubber samples, properties of the five samples are known (samples 1-5) and one unknown (sample 6). The rubber samples are numbered as 1-6. The specimens of 1 cm radius and 3 mm thickness have been used.
Before starting the experiment, it is extremely necessary to calibrate the instruments and find the sensitivity of the load cell. The calibration of the load cell was carried out using standard weights. First, the load cell was mounted on the vibrator, then the output is fed into the strain gage meter for measurement. The sensitivity of the strain indicator has been found to be about 0.1053 mV/g.
The experimental values of the modulus of elasticity under compression deflection test obtained from the experimental results have been compared with the known technical data provided by the manufacturer. It is found that good correlation exists between the experimental results and the known data within the range of compression test provided by the manufacturer. For instance the value of the experimental compression test for sample 1 are found to be between 109.8 kPa and 114.5 kPa, which exactly lies between the range of the 82.8-137.8 kPa provided by the manufacturer as shown in Table 2 . The test has also been conducted on the unknown sample 6 and its modulus of elasticity was found to be around 102.59 kPa.
The expected order of the softness is shown in Fig. 9 based on the calculated values of the modulus of elasticity. These values are also in correlation within the range given by the manufacturer. Sample 1 is supposed to be at the top and sample 2 is at the extreme bottom. Sample 6 is placed in the softness order based on the calculated softness values obtained experimentally.
Experimental results
The experimental tests have been conducted on the fabricated sensor. The sensor is mounted on the micro-positioner that is placed beneath the load cell. The rubber samples with area of 1 cm 2 have been used as the sensed objects and sandwiched between the probe and the sensor. Readings at the different load have been recorded in order to obtain the variation of the force ratio. Six load sets have been used and each sample has been tested under different load set to confirm the force ratio of the rigid part to the total force applied. In samples 1 and 6 (hard samples), sinusoidal output is very clear without any noise disturbances. On the other hand, samples 2 and 5 show some noise in the output. This is mainly due to this fact that the soft rubbers are compressed more under small load and acted as vibration damper for the sinusoidal input.
A typical data for the single PVDF sensor at 3 N load are provided in Table 3 . The results confirm that different forces are experienced by the rigid part and compliant part and they vary proportionally. The output voltages from the PVDF films are measured in millivolts on the oscilloscope. From the force ratio, the compliance of the sample can be extracted. The higher the force ratio the more rigid is the sample and vice versa. It is noted that appropriate calibration has been conducted on both rectangular and circular PVDF films in order to obtain the force experienced by the rigid part and the total force, respectively from the relative output voltages.
Comparison of the theoretical and experimental results
The results obtained from the experimental setup are compared with the theoretical results discussed before in Section 3. It is again noted that the thickness of the sensed object and compliant cylinders and the YoungÕs modulus of the compliant cylinder are kept constant. Thus the parameter k only depends on the modulus of the sensed object. The results obtained from 2D and 3D models of the single sensor are compared with the experimental results as shown in Fig. 10 . It can be seen that the experimental results show good linearity and are in good agreement with the theoretical results. It is also interesting to note that the experimental results obtained from prototype single sensor are bounded by the results obtained from 2D and 3D finite element model. The deviation between experimental and theoretical results can be attributed to the non-linear elastic nature of the rubber, which has not been addressed in the finite element models. The average percentage error with respect to the 3D model is about À7%.
It is noted that the softness order of materials judged by the sensor is in agreement with the expected softness order of materials irrespective of the percentage errors.
Tooth-like sensor
The proposed sensor design can also act like tooth for holding the slippery tissues (sensed objects). This characteristic is not available in the conventional tactile endoscopic sensors. As discussed the measurement of the compliance of the sensed objects was based on the relative deformation of the compliance part. The relative deformation gives different force experienced by rigid and compliant part. The relative deformation of the parts varies with the force ratio. The higher is the force ratio less will be the relative deformation. When the force is applied to the sensor, the compliant part deforms and the rigid part remains un-deformed. Due to this behavior, the rigid part protrudes outward and acts as teeth. The protruded rigid part of sensor is shown in Fig. 11 . In this case there is no need to create artificial teeth on the sensor for grasping purposes. The number of teeth depends on the sensor count. The size of the endoscopic grasper varies from few centimeters depending upon the requirement and purpose of the grasper.
In the future it is aimed to miniaturize the proposed sensors on the endoscopic graspers. The rigid cylinder serves the purpose of the tooth during the holding of object. Increasing the number of rigid cylinders will provide good holding properties and also provide more reliable results.
Conclusion
The paper presents a proof-of-concept design of an endoscopic piezoelectric tactile sensor. The main objective of this study is to design and model a piezoelectric sensor capable of measuring the total applied force on the sensed object as well as the compliance of the tissue/sensed object.
A finite element model has been proposed to study the performance of tactile sensors. The sensed object has been modeled as an elastic beam on rigid and elastic foundations and the results are compared with 3D ANSYS model. The compliance of the sensed object is measured by recording the PVDF films response under different load sets. A single sensor have been designed and fabricated in order to validate the simulation results. It is shown that good agreement exist between theoretical and experiment results. All the results are obtained on the large-scale tactile sensors. The proposed sensors can be integrated on the endoscopic grasper, thus accurate measurement and high precision is very important. To integrate these sensors with endoscopic grasper, miniaturization is required which is not studied here. Miniaturization will reduce the deformation and shearing effect in the sensed object. The system either large or small could be damaged by large shear force on the sensor surface due to slipping of the sensed object from the endoscopic grasper. Further investigation is required to overcome this problem.
The tissue (sensed object) encountered in endoscopic has a high nonlinear characteristic, with a time dependent constitutive relation. Future study is required to account for this viscoelastic behavior.
